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We have synthesized polycrystalline samples of the noncentrosymmetric superconductor
Mo3Al2C by arc and RF melting, measured its transport, magnetic and thermodynamic
properties, and computed its band structure.
Experimental results indicate a bulk
superconducting transition at Tc ~ 9.2 K, while the density of states at the Fermi surface is found
to be dominated by Mo d-orbitals. Using the measured values for the lower critical field Hc1,
upper critical field Hc2, and the specific heat C, we estimated the thermodynamic critical field
Hc(0), coherence length ξ(0), penetration depth λ(0), and the Ginzburg-Landau parameter κ(0).
The specific heat jump at Tc, ΔC/γTc = 2.14, suggests that Mo3Al2C is moderately-to-strongly
coupled, consistent with the fast opening of the gap, as evidenced by the rapid release of entropy
below Tc from our electronic specific heat measurements. Above 2K the electronic specific heat
exhibits the power law behavior, suggesting that synthesis of single crystals and measurements at
lower temperature are needed to establish whether the gap is anisotropic. The estimated value of
the upper critical field Hc2(0) is close to the calculated Pauli limit, therefore further studies are
needed to determine whether the absence of an inversion center results in a significant admixture
of the triplet component of the order parameter.
I. INTRODUCTION
Metal carbide and nitride intermetallic superconductors have both fairly high transition
temperatures and large critical magnetic field values. Some of the metal carbides, for example
MgCNi3, La2C3, Y2C3, Mo3C2, LaNiC2, Mo3Al2C etc., exhibit exotic physical, structural and
electronic properties 1-10. Furthermore, La2C3, Y2C3, LaNi2C, and Mo3Al2C have an additional
facet of complexity, in that their crystal structures lack a center of inversion symmetry 3,4,7,9. In
such systems the antisymmetric (in the electron momentum) spin-orbit coupling breaks parity, so
that spin is no longer a good quantum number. Instead, the quasiparticle states are classified by
their helicity, the relative orientation of the spin and crystal momentum. Consequently, the Fermi
surface is split into sheets of different helicity by the spin-orbit interaction. Superconducting
pairing on the same Fermi surface sheet (the states of the same helicity) is therefore a mixture of

spin singlet and triplet, and may exhibit unusual magnetic properties and/or have nodes in the
energy gap, depending on the structure and the strength of the triplet component11-15.
Importantly, in contrast to the triplet p-wave superconductors proposed in centrosymmetric
systems, such as Sr2RuO4, lack of inversion symmetry makes it possible for the triplet
component to exist in a spatially fully symmetric paired state, so that one can speak, for example,
of triplet s-wave superconductor 12. Similarly, nodes in the superconducting gap may exist even
when the pair wave function exhibits the full spatial symmetry of the crystal 12-16.
Studies of pairing in such systems have been triggered by the discovery of
superconductivity in the heavy-fermion CePt3Si 17,18. The subsequent investigations into the
pairing symmetry of this class of superconductors 12,14,19,20 included CeIrSi3, UIr, Li2(Pd Pt)xB,
and Re3W 20-26. Some of these systems, such as Li2Pd3B, behave very much like conventional
fully-gapped singlet superconductors, indicating that the triplet admixture is weak. On the other
hand, the isostructural Li2Pt3B shows evidence for line nodes in its energy gap 16.
In this paper we focus on the noncentrosymmetric superconducting carbide Mo3Al2C. To
our knowledge, there have been no comprehensive reports on its electronic structure and physical
properties at low temperature. Johnston et al. reported the synthesis of T3Al2C (T = Mo, Nb, Ta,
V, Ti, Cr) employing various techniques and determined the crystal structure and
superconducting properties above 4.2 K 10. All the compounds have the cubic -Mn (A13)
structure, but they found that only Mo3Al2C exhibits superconductivity at a moderately high
temperature near 10 K. This compound was synthesized by hot pressing the metal powders in
graphite molds. The reported lattice constant was 6.867 Å. Later, Fink et al. reported the upper
critical field (Hc2) = 15.6 T at 1.2 K, which was determined from critical current density
measurements 27. From the experimentally determined values of the upper critical field (Hc2),
the normal-state resistivity (ρn), the critical current density (Jc), and the transition temperature
(Tc), they estimated the electronic specific heat coefficient (γ), lower critical field (Hc1), and
Ginzburg-Landau parameter (κ) at 1.2 K 27. Several carbides and nitrides with isotypic H-phases
and phases with the filled and ordered -Mn structure were tested for superconductivity by L.E.
Toth et al. 28. Only the -Mn compound Nb3Al2N was found to be superconducting at 1.3 K,
confirming a previous result that the filled -Mn crystal structure is favorable for
superconductivity.
Here we report on the synthesis and characterization of polycrystalline Mo3Al2C which
shows a bulk superconducting transition at Tc ~ 9.2 K. Measurements of the transport, magnetic,
and thermal properties, as well as a calculation of its electronic structure, have been performed.
From these measurements, we estimate various superconducting parameters of Mo3Al2C,
including the thermodynamic critical field Hc(0), coherence length ξ(0), penetration depth λ(0),
electronic specific heat coefficient (γ), and the specific heat jump ΔC/Tc.
II. EXPERIMENT
A polycrystalline sample (0.3 g) of Mo3Al2C was prepared by melting stoichiometric
amounts of high purity molybdenum powder (99.95 % Alfa Aesar), aluminum shot (99.999 %
Alfa Aesar), and carbon graphite rod (99.999 % Alfa Aesar) under flowing ultra high purity
argon gas in an arc melter using a tungsten electrode and a water-cooled copper hearth. A Zr
button was used as an oxygen getter. First, a button of Mo was made by arc melting the Mo
powder alone. The Mo button was then melted with Al pieces with 20 % excess to compensate

for the loss of some Al due to its higher vapor pressure. Finally, the arc melted button of Mo-Al
was re-melted with pieces of carbon graphite rod. The sample was re-melted several times to
ensure homogeneous mixing of the constituent elements. Another sample was made by melting
a cold-pressed pellet of a well-ground mixture of Mo, Al and C powders in a stoichiometric ratio
in an RF-induction furnace. The sample formed a hard pellet with a negligible mass loss. We
made more than 10 samples by various methods and with different concentrations of C and Al in
order to synthesize the stoichiometric compound and to check the effects of off-stoichiometry on
T c.
X-ray diffraction analysis on well-ground powder of a portion of the sample was carried
out on a Bruker Advance D8 powder diffractometer equipped with Cu Kα radiation (λ = 1.54056
Å). Data were collected from 2θ = 10o to 70o with a constant scan speed of 2º min-1 at room
temperature.
The electrical resistivity was measured using a standard 4-probe ac technique at 27 Hz
with an excitation current of 3 mA, in which small diameter Pt wires were attached to the sample
using a conductive epoxy (Epotek H20E). Data were collected from 1.8 K to 290 K and in
magnetic fields up to 9 T using a Quantum Design, Physical Property Measurement System
(PPMS). The specific heat was measured in the PPMS using a time-relaxation method between
2 K and 20 K at 0 T and 9 T. Magnetic susceptibility was measured in a constant magnetic field
of 30 Oe; the sample was cooled down to 3 K in zero field, and then magnetic field was applied,
followed by heating to 10 K (ZFC) and then cooled down again to 3 K (FC) in the PPMS.
III. RESULTS AND DISCUSSIONS
The XRD pattern of the RF-melted sample of Mo3Al2C is shown in Figure 1. The pattern
indicates the sample is nearly single phase, with a small amount of Mo3Al8 and elemental Mo
present as impurities. By least-square fitting to the positions of 7 Bragg reflection peaks between
2θ values of 10° and 70°, the cubic cell parameter a = 6.866 Å was obtained, consistent with the
previous report 10. A schematic view of the crystal structure of Mo3Al2C is presented in the inset
of Figure 1. It assumes a filled -Mn structure, ideally consisting of a lattice of corner-sharing
Mo6C octahedra in a five-member ring arrangement and an interpenetrating net-like lattice of Al
atoms which occupy the pentagonal holes formed by the molybdenum carbide polyhedral rings.
The primitive cubic Bravais lattice adopts the space group P4132 and lacks a center of inversion
symmetry.
The band structure of Mo3Al2C was calculated using the WIEN2K full potential LAPW
band package, 29 using the GGA exchange correlation potential 30. The muffin tin radii were
taken as 2.13 au for Mo, 2.42 au for Al, and 1.89 au for C. The cutoff in the LAPW basis was
varied from R*Kmax = 6 (1196 plane waves) to R*Kmax = 8 (2795 plane waves). The mesh of kpoints in the irreducible wedge of the Brillouin zone included 286 points, giving a total of 10,000
points in the full Brillouin zone. Calculations were performed using the room temperature lattice
constant of 6.860 Å. The results of these calculations are presented in Figure 2 for the bands and
Figure 3 for the density of states. The states at the Fermi level are derived almost entirely from
the d bands of molybdenum. The initial iterative solution of the DFT equations omitted the spinorbit interaction. The spin-orbit interaction was then added in the scalar relativistic
approximation and the solution iterated again to convergence. Because of the relative small
mass of the constituents, the spin orbit leads only to a splitting of the d-level degeneracies at high

symmetry points. The splitting amounts to 0.02 eV at most. However, since none of those
degeneracies occur close to the Fermi level, there are only small changes in the Fermi surface
and the density of states near the Fermi level.
The temperature dependence of the normal state resistivity of Mo3Al2C between 10 K
and 290 K is shown in Figure 4. The resistivity is metallic, and one observes an inflection point
in ρ(T) at ~150 K. The normal-state resistivity is fairly low (190 µ cm at room temperature),
although it is of polycrystalline form. However, the residual resistivity ratio (290 K / 10 K =
1.09) is small, suggesting either the resistivity has little temperature dependence, or the transport
in the polycrystalline sample is sensitive to impurities and disorder. Subsequent annealing of
earlier samples actually worsened their crystalline quality, suggesting that the Mo 3Al2C phase is
quenched in at high temperature. We have fit the low temperature resistivity data to a power
law,
ρ = ρ0 + aT2,

(1)

with the residual resistivity ρ0 = 177.35 µ cm and coefficient a = 0.38 µ cm / K2. The fit is
shown as a solid line in Figure 4, and describes the data well between 10 K and 114 K. The inset
of the figure shows the linear relationship between resistivity and temperature squared over the
above range of temperature. A semi-log plot of the resistivity of polycrystalline Mo3Al2C over
the entire range of temperature from 3 K to 290 K is presented in Figure 5. The inset of Figure 5
shows the resistivity at lower temperature. The resistive superconducting transition is very
sharp. The midpoint of the transition is 9.1 K, and the 90% –10% transition width is less than 0.2
K, with an onset temperature of 9.2 K.
The magnetic characterization of the superconducting transition at 30 Oe is shown in
upper panel of Figure 6 a. A large diamagnetic superconducting signal is observed near 9.1 K,
slightly lower than that in the resistivity. The superconducting volume fraction of the arc-melted
spherical button was  100 %, after applying the demagnetization factor to the ZFC data at 3 K.
As shown in the figure, the sample has reached a full Meissner state at a temperature as high as 6
K. The magnetization vs. temperature data over the range 10 K to 300 K at 1000 Oe (not shown
here) shows temperature-independent Pauli-paramagnetic behavior with a very small moment.
The magnetization vs. magnetic field over a range of temperatures below Tc is presented
in the Figure 6 b. For the analysis, the minimum point of the data curve was chosen as the lower
critical field at each temperature, and the resulting µ0Hc1(T) is plotted in Figure 7. A least squares
fit to the data using
Hc1(T) = Hc1(0)[1-(T/Tc)2] .

(2)

yielded µ0Hc1(0) = 0.0047 T.
The magnetic field-dependent resistivity of Mo3Al2C was measured for the same sample
between 2 K and 10 K. The data are shown in the inset of Figure 8. As the field is increased, the
superconducting transition becomes broader, and Tc shifts to lower temperature. The mid-point
of the resistivity transition was chosen as the transition temperature at each applied magnetic
field. It should be noted that a sharp transition to a zero resistance state was obtained even at 9 T
and above 4.5 K, indicating a high upper critical field. In the main panel of Figure 8, the upper
critical field is plotted as a function of temperature. The variation in Hc2 with temperature is
nearly linear with a negative slope, and it does not show any kind of saturation for fields as high
as 9 T. We estimate µ0Hc2(0) from the Werthamer-Helfand-Hohenberg (WHH)31 expression,

µ0Hc2(T) = - 0.693 µ0(dHc2/dT)T=Tc Tc .

(3)

From the estimate of the slope, µ0dHc2/dT ≈ – 2.39 T / K and using Tc = 9.2 K, we found
µ0Hc2(0) = 15.08 T. This is in qualitative agreement with the upper critical field of the Mo3Al2C
reported by Fink et al. to be 15.6 T at 1.2 K 27. A complementary estimate of the upper critical
field from the empirical formula
Hc2(T) = Hc2(0)(1-t2)/(1+t2),

(4)

where t = T/Tc , gives µ0Hc2(0) = 18.2 T, as shown in Figure 8 by the solid line representing the
best fit to the experimental data. This extrapolated value is slightly larger than that obtained
from the WHH theory.
The characterization of the superconducting transition by specific heat measurements is
shown in Figure 9. The main panel shows the variation of C/T with T2 at lower temperature at a
magnetic field of 0 and 9 T. The superconducting transition is suppressed to 5.2 K with the
application of a 9-T magnetic field. This is consistent with the result from the resistivity data.
The data above 5.5 K provide an extrapolation of the normal-state behavior to the T = 0 limit,
and allow the determination of the Sommerfeld constant (γ) from the fit C(T)/T = γ + T2 ,
where T3 is the lattice contribution to the specific heat. The extrapolation produced γ = 18.65
mJ mol-1K-2 and  = 0.3050 mJ mol-1K-4. Taking  = N(12/5)4Rd-3, where R = 8.314 J mol-1
K-1, and N = 6 for Mo3Al2C gives a Debye temperature of d= 338.52 K.
In the inset of Figure 9, C/T is plotted as a function of T showing the thermodynamic
transition, as well as the jump ΔC/Tc. The midpoint of the superconducting transition
temperature is ~9.1 K, which is close to the value from the resistivity and magnetic
measurements. It is known that the ratio ΔC/γTc can be used to measure the strength of the
electron coupling. The specific heat jump (ΔC/Tc) for Mo3Al2C is 40 mJ mol-1K-2, which sets
the value of ΔC/γTc to 2.14. This is higher than the BCS value of 1.43 for a weakly coupled
superconductor, suggesting that Mo3Al2C may be strongly-coupled. This is supported by the
rapid decrease of the electronic contribution to the specific heat below the transition, signifying a
substantial release of entropy in the immediate vicinity of the transition (Fig. 10 a).
Based on the specific heat data and the extrapolated value of the upper critical field
µ0Hc2(0) obtained above, we can estimate the superconducting parameters of Mo3Al2C. The
condensation energy, U(0), was estimated from 32

U (0)  

Tc2
2

Tc

  C es (T )dT ,

(5)

0

subject to the entropy-conserving fit for the specific heat.
Using the fit equation Ces = a + bT3, we obtained U(0) to be 465.92 mJ/mole. Then from  =
22/3 kB2 N(0) and U(0) = ½ N(0)2(0), where N(0) is density of states at the Fermi surface, and
2(0) is the superconducting gap energy, we estimated (0) to be 25 × 10-23 J, or 20 =
4.028kBTc. The enhanced value of this ratio agrees with strongly-coupled nature of the
superconductivity as suggested by the specific heat jump.
Assuming the g-factor for the conduction electrons is close to 2, we estimate the Pauli
limiting field for Mo3Al2C from µ0HPauli = 0/µB2, to be 19 T. This value of µ0HPauli is close
to the estimated orbital field µ0Hc2(0)≈15-18T. It is therefore highly desirable to extend the

investigations of the upper critical field to lower temperatures to determine its detailed behavior.
If the upper critical field exceeds the Pauli limit, it would signify a substantial contribution from
the triplet component to the pairing amplitude, which would most likely be due to the broken
inversion symmetry. Further studies of the anisotropy of the critical field in single crystals would
be even more enlightening, since they would shed light on the structure of the spin-orbit coupling
in the momentum space 13.
If we assume the upper critical field to be purely orbital, the superconducting coherence
length can be estimated using Hc2(0) = 0/2(0)2, where 0 = 2.0678 × 109 Oe Å2 is a flux
quantum 33, to give (0) = 42.53 Å and 46.84 Å for Hc2(0) = 18.2 T and 15.08 T, respectively.
The value for the coherence length in Mo3Al2C is very close to that for MgCNi3 (46 Å ) and is
shorter than the coherence length in Mo3C2 ( 76 Å), 34,8. Similarly, from the relation Hc1(0) =
(0/42)ln(/), we find the magnetic penetration depth (0) = 3755 Å. The Ginzburg-Landau
parameter is then  = / =88.56. The thermodynamical critical field Hc(0) was also estimated
through the relation U(0) = (½)µ0Hc(0)2. The estimation resulted in µ0Hc(0)= 0.14 T. Our
experimental values of Hc2(0), Hc1(0), and Hc(0) satisfy the relation Hc2(0) Hc1(0) = Hc(0)2[ln(0)
+ 0.08] for  >> 1. 35
The experimentally determined values of all parameters of our sample and other
reference compounds are listed in the Table 1.
The behavior of the linear coefficient in the electronic specific heat at low temperatures,
T << Tc, is an indicator of the superconducting gap structure. Power laws in Ces /T generally
indicate the existence of gapless excitations and nodes in the gap, while the exponential
behavior, Ces/T ≈ a exp (-Δ/kBT) indicates a fully gapped material. Presence of a triplet
component of pairing, due to the absence of inversion center, would generally lead to an
anisotropic gap. In determining the condensation energy above, we used a power law fit to the
electronic specific heat, Ces, of Mo3Al2C in the superconducting state down to 2.5 K (Figure 10
a). However, this is the high temperature regime that includes the peak at the transition, and this
power law only indicates a rapid opening of the gap below the transition, without providing
information on the nodal structure. For T < 2.5 K, Ces varies nearly exponentially with T as
shown in Figure 10 c, with the activation energy close to the gap value inferred from our
analysis, suggesting a full gap. However, our sample is polycrystalline. In addition, an anomaly
around 2.5 K, which corresponds to the superconducting transition temperature of Mo2C, was
detected by the penetration depth measurements, even though it is not seen in the specific heat
data on the same sample, suggesting that the volume fraction of the impurity phase is small. In
some of the other samples of Mo3Al2C, the presence of Mo2C had been detected by XRD,
resistivity, magnetization and specific heat measurements too. The Ces of pure Mo2C follows the
BCS exponential relation below Tc. Therefore, while the data below 2.5 K are consistent with a
full energy gap, we note that impurity scattering may have resulted in the gap being more
isotropic than it would be in a pure sample. Measurements on pure single crystals of Mo3Al2C
are needed to definitively determine the gap structure.
IV. CONCLUSION
We prepared polycrystalline samples of Mo3Al2C by RF-induction and arc-melting
techniques. The sample melted by induction was nearly single phase. The structure analysis

shows that it lacks inversion symmetry. From resistivity, magnetic susceptibility, and specific
heat measurements Mo3Al2C was confirmed as a type II superconductor with a transition
temperature near 9.2 K. Since the upper critical field Hc2(0) is close to the estimated Pauli
limiting field, further investigations into the possible mixture of single and triplet pairing states
need to be done. The high value of ΔC/γTc ~ 2.14 indicates that the compound is in moderate
coupling regime. The electronic specific heat shows that a large portion of the entropy is
released just below Tc, and the gap opens quickly to the value Δ0/kBTc = 4.028. While this
supports classifying Mo3Al2C as a reasonably strongly-coupled superconductor, it could also
indicate the existence of an anisotropic gap. In the range of 2 K to 8 K, the electronic specific
heat, Ces, follows the power law which, while consistent with rapid gap opening below the
transition, would indicate an unconventional gap if found to extend to lower temperatures in
single crystal samples. As it is, at low temperature our best fit is exponential, but the impurity
effects may have masked the underlying gap anisotropy. The availability of single crystals is
highly desirable to help answer these questions.
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Figure 1. Powder X-ray diffraction pattern and schematic view of the crystal structure of
polycrystalline Mo3Al2C. The *’s in the figure indicate impurity peaks associated with elemental
Mo and Mo3Al8.

Figure 2. Section of the calculated electronic band structure along high symmetry directions for
Mo3Al2C in the range of ± 2 around the Fermi energy EF. The band structure is without spinorbit coupling.

Figure 3. Section of total and atom-projected density of states (DOS; in states eV-1) for Mo3Al2C
in the energy range -7 to +5 around the Fermi energy EF. Energy scale is defined relative to EF.
The DOS is shown for scalar relativistic calculation only.

Figure 4. The temperature dependence of the normal state resistivity for a sample of Mo3Al2C.
The solid lines are fits to ρ(T) as indicated in the text.

Figure 5. Semi-log plot of the resistivity of polycrystalline Mo3Al2C over the range of
temperature from 3 to 290 K. The inset shows the superconducting transition at low temperature.
The solid lines in both figures are a guide to the eye.

Figure 6. a) ZFC magnetic susceptibility measured at constant magnetic field of 30 Oe. b)
Magnetization data with applied magnetic field at various temperatures.

Figure 7. Lower critical field determined by the magnetization measurements at different
temperatures. The solid line is the best fit to Equation 2.

Figure 8. Upper critical field of Mo3Al2C as a function of temperature. The solid line is fit to
Ginzburg-Landau theory (see text for details). Inset: Characterization of the superconducting
transition under magnetic fields 0 T to 9 T from right to left.

Figure 9. Characterization of Mo3Al2C by the measurement of specific heat at 0 and 9 T. Inset: C
/ T vs. T plot to determine the specific heat jump at the superconducting transition.

Figure 10. a) Superconducting electronic specific heat capacity (Ces) vs. reduced temperature
(T/Tc) of Mo3Al2C. b) Ces vs. T3 plot and c) Ces vs. T at low temperature.

